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1.0 INTRODUCTION

Compact, lightweight, low cost linear induction accelerators delivering high brightness elec-

tron beams are essential to the development of efficient ground- and space-based free electron

lasers for strategic defense. Linear induction accelerators lead to high gain free electron lasers

which are directly scalable to the ultra-high average power required by SDI applications. Science

Research Laboratory has invented a new linear induction accelerator architecture which leads to

a factor of 6 reduction in accelerator length, more than a factor of 102 reduction in accelerator

weight and more than a factor of 3 reduction in accelerator cost while simultaneously allowing an

increase in electron beam brightness by suppressing the growth of the beam break-up instability.

1.1 Length of Conventional Linear Induction Accelerators

Currently, linear induction accelerators are characterized by a low accelerating gradient

(<0.5 MeV/meter) which leads to accelerator lengths of greater than 300 meters to generate

the ,-,150 MeV electron beam required to drive a 1 pm wavelength free electron laser. In

conventional induction linacs, the accelerating gradient is directly proportional to the length of

the ferrite cores placed between the accelerating gaps and around the beam tube and its associated

magnetic focussing coils. The length of these ferrite cores is in turn directly proportional to the

pulse length. Therefore, the accelerator gradient in a conventional long pulse duration (50 nsec)

accelerator is constrained to a low value determined by the voltage per gap V,, (- 150 kV),

the pulse length t. and the electromagnetic properties (e,, p,) of the ferrite material.

Accelerating Gradient = V,p < 0.5MeV/meterct7

1.2 Accelerator Weight, Electron Beam Brightness and Cost

The weight of conventional linear induction accelerators is dominated by the total ferrite

core weight which is given as

W = PF x Ferrite Volume = pFlir (R2, - R?)

where

PF = mass density of the ferrite material

1-1
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1 = length of the ferrite core

Ri = inner radius of the ferrite core

Ro = outer radius of the ferrite core

As discussed above, the length of the ferrite cores is determined by the pulse length and the

electromagnetic properties of the ferrite materials

In conventional induction linac designs, the inner radius of the ferrite cores is determined by a

trade-off between beam brightness and the volume and cost of the ferrite material used. High

electron beam brightness requires suppression of the beam break-up instability growth rate which

leads to a large beam tube radius and inner ferrite core radius. However, the larger the inner

radius of the ferrite core, the larger the volume of ferrite required. The radial thickness of the

ferrite and therefore its outer radius is determined by the drive voltage and the maximum flux

swing available from the nonlinear ferrite material. The maximum flux swing available from a

ferrite material and associated hysteresis losses are a function of the pulse length. The analysis

which determines the outer core radius is somewhat complex and is discussed in more detail

later in this proposal. However, at the maximum gap voltages allowed by field emission in the

gap (,150 kV), the volume of core material scales approximately as R?.

Extremely high brightness electron beams are required for free electron laser applications.

Beam brightness is determined by the electron gun design and its cathode emission properties

and by beam transport through the accelerator. High brightness cathodes for free electron lasers

are being developed in other research efforts and work is focussed on improving thermionic and

piotoemitting cathode technologies. Beam brightness degradation in beam transport through

the accelerator is driven by the beam break-up instability. The exponential growth rate of this

instability is proportional to R 2. Consequently, high brightness electron beams can only be

obtained when the diameter of the beam pipe is large (,30 cm for typical 1 pm wavelength FEL

applications). This large beam pipe diameter then drives the volume of the ferrite material as

discussed above. For example, it is estimated that approximately 2 x 10 kg of ferrite material

1-2
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would be used in the construction of a conventional 50 nsec linear induction accelerator which

delivers an electron beam of sufficient brightness and energy to drive a 1 pm FEL. It is critical

to recognize that in conventional induction linac designs, the length, weight, and cost of the

accelerator are directly related to the placement of the ferrite cores around the electron beam

tube.

1.3 A New Linear Induction Accelerator Architecture

Science Research Laboratory has recently developed a new linear induction accelerator ar-

chitecture which significantly reduces accelerator length, weight and cost. This new accelerator

architecture places the ferrite cores which isolate the voltage between accelerating gaps around

the coaxial drive lines instead of around the beam tube. This new accelerator design also operates

with a significantly shorter pulse length - 5 to 10 nsec - than conventional linear induction accel-

erators (50 nsec pulse duration). These two features are directly responsible for the performance

improvements discussed above.

The reasons for the significant increase in accelerator gradient are immediately apparent

from the preceding discussion. By placing the ferrite cores around the coaxial drive lines, the

distance between accelerating gaps can be decreased by a factor of approximately 6 with a

corresponding decrease in accelerator length. The volume of ferrite can also be decreased for

two reasons. First, the diameter of the coaxial cable which serve as the drive for each accelerator

cell has a radius which is approximately 3 cm versus the 30 cm diameter of the beam tube. This

consideration alone reduces the volume of the ferrite cores by a factor of approximately 102

with a corresponding decrease in accelerator weight. In addition, since the pulse length has been

decreased by a factor of 5 or 10, the length of the ferrite cores can be decreased by a similar factor.

These considerations taken together can reduce the total weight of the accelerator by a factor of

as much as 10. It is critical to note, however, that to maintain the same average electron beam

power at fixed accelerator energy, current and accelerating gap voltage, the repetition rate must

be increased by a corresponding factor of 5 or 10 from approximately 5 x 101 pps to 5 x 101 pps.

This increase in repetition rate can be accomplished with the all-solid-state nonlinear magnetic

1-3
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pulse compressor technology already being developed by SRL in a separate program. Reduction

in ferrite costs, which dominate the material costs of linear induction accelerators of conventional

design, lead directly to greater than a factor of 3 reduction in overall accelerator costs. This

new accelerator architecture has an additional feature - the beam break-up instability can be

suppressed by increasing the diameter of the beam tube without increasing the weight and cost

of the accelerator.

Placement of the ferrite cores around the coaxial drive lines of the accelerator rather than

around the beam pipe implies that high transient voltages are now present on the outside of the

accelerator cells. This dipole field is oriented along the axis of the accelerator and has a peak

voltage given by
I_ Accelerator Gradient x Pulse Length x c

For an accelerator gradient of 3 MeV/meter and a 5 nsec pulse duration, the peak voltage is

approximately 2.25 MeV. However for ground based applications, the accelerator must be placed

in a tunnel to shield against ionizing radiation induced by the electron beam. With a typical

tunnel radius of 10 feet, this dipole electric field can easily be sustained in ambient air since the

dipole fields decay as l/r 2 as they travel down the length of the accelerator at near the speed of

light. For space-based applications, these fields can be contained in an inexpensive lightweight

conducting tube which would surround the accelerator or they can simply be allowed to radiate

into space.

1-4
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2.0 ROLE OF FERRITE MATERIALS IN INDUCTION LINAC OPERATION

In this section, a detailed description of the Phase I results will be provided. Section contents

include a technical description of the role of ferrites in the construction of high power linear

induction accelerators, a summary of the Phase I experimental results, and a detailed discussion

of new compact, lightweight linear induction accelerator architectures developed in Phase I.

Ferrite materials and their properties play a dominant role in the design and fabrication of

high power linear induction accelerators. Ferrites with various compositions and performance

parameters are now being tested and we will present the results below. A wide variety of

candidate materials exist, but simple rules hold common to all candidate ferrites and allow one

to predict which mixtures will be optimum. With the exception of the hexagonal ferrites used as

permanent magnets, all ferrites share a common crystal structure, a cubic spinel. The chemical

composition is X • Fe 2 0 4 where X can be any divalent metal or combination thereof. The use

of different metals will result in different coupling coefficients between the spin moments and

the lattice. This coupling is related to the initial permeability - the lower the permeability, the

stronger the value of this coupling.

In the remanent state the spins align with neighbors in a domain. These domains form in

such a way that the magnetic field energy is minimized. This corresponds to an alignment such

that the external field is zero. When forced to change states of magnetization, the spins precess

about the direction of the internal magnetic field. As damping occurs, the spins align with the

applied magnetic field. For a nonconducting ferrite, as the rate of change of magnetization

increases, the losses remain nearly constant until the ferrimagnetic spin precession resonance is

reached. The lower the coupling constant (i.e. the higher the initial permeability), the lower this

resonant frequency will be. Operating a ferrite in the proximity of this resonance results in a

dramatic increase in losses and thereby in greatly increased cooling requirements. The curves

for the real and imaginary components of the complex permeability for a ferrite very similar to

the PE- 11 (Zn. 6 Ni.4) • Fe2 04 ferrite used in the ATA accelerator at LLNL are given in Fig. 1.

The resonant frequency for this material is -.s 8 MHz corresponding to a saturation time of

2-1
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60 ns. This resonant frequency as mentioned above can be predicted by simply knowing the de

value of the initial permeability and the saturation magnetization.

Unfortunately optimization is not as simple as choosing a ferrite with a low value of initial
permeability. The hysteresis losses increase approximately linearly with the inverse of the

permeability in the absence of the resonance. The biasing field requirement is also increased

further complicating the core reset circuits.

A ferrite should be chosen to have the highest possible permeability for a given operating

frequency without incurring ferrimagnetic spin precession resonance. At this frequency, the

losses increase dramatically as indicated by the large increase in the imaginary component of

the permeability shown in Fig. 1. This resonant frequency is given by:

-y" M at
Vres 3 7

y =3" ." ir - 1)

where:

' = gyromagnetic ratio (,- 0.22 x 106)

M,, = Saturation magnetization (2.5 --. 3.5 x 10 A/M)

y = Initial permeability as v - 0.

2.1 Ferrite and Nonlinear Magnetic Pulse Compressors

Ferrites play two key roles in induction linear accelerator design. They are employed in the

final compression stages of the nonlinear magnetic pulse compressor and are also used as the

core material in the accelerator cells. Before identifying an optimum ferrite composition, it is

necessary to determine the desired operating characteristics. In this section we will examine the

requirements for constructing efficient Nonlinear Magnetic Pulse Compressors.

Nonlinear magnetic pulser compressors are themselves resonant circuits. The basic principle

underlying nonlinear magnetic driver operation involves using a saturable core which is an

inductor in a resonant circuit. The circuit is designed to allow the core of the next stage

to saturate before a significant fraction of the energy stored in the capacitors of the previous

stage is transferred. This nonlinear saturation phenomenon shifts the resonant frequency of this

2-3
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resonant circuit by the square root of the permeability shift as the core saturates. These stages

are typically cascaded (Fig. 2) and energy is coupled faster and faster from one stage to the

next. These circuits are efficient at transferring power in both directions since they act not only

to upshift the frequency in the forward direction thereby providing temporal compression, but

also downshift the frequency of a voltage pulse as it cascades back up the chain in the reverse

direction. The energy which reflects from the mismatched load can propagate back up the chain

to the SCR commutator.

Nonlinear Magnetic Pulse Compressors sometimes called "Magnetic Switches" take advan-

tage of the large change in permeability of a ferro (ferri) magnetic material as it saturates. It is

possible to achieve large factors (> 103) of temporal pulse compression and thereby obtain the

required power gain by employing saturable materials as inductor cores. Magnetic switches are

beginning to appear in a large number of long life, high repetition rate pulsed power systems.

They are presently being used to drive induction linear accelerators and are also employed as

drivers of copper vapor lasers for the Atomic Vapor Laser Isotope Separation (AVLIS) program.

Here large numbers of drivers are required to operate at 5000 pps continuously for time scales

measured in years. SRL is assisting in developing advanced, all solid state drivers for both of

these programs.

The design of efficient high gain pulse compression stages relies on the careful control of

the magnetic fields surrounding the core volume. The losses in a compression stage are linearly

proportional to the volume of core material used and it can be shown that the core volume

requirement for this saturable inductor is given by:

volume = gain2 . Pulse Energy . (PA. W2 (2.1)

G4 (ABF5 p0 2)

where AB, is the available flux swing of the material (with appropriate biasing given by +B, -

(-B,) = 2B,), gain is defined as the temporal compression factor (r charge/r discharge), and

pf is the packing factor. The packing factor is defined as

f, H 2 dv (2.2)

fall.C H 2dv

2-4
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Figure 2: Typical nonlinear magnetic pulse compressor operation
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where Vf is the actual volume occupied by the ferri- (ferro) magnetic core material excluding

all interlaminar insulation and voids. Optimization of this packing factor is crucial in magnetic

switch design and is accomplished by enclosing the core in a tightly fitting conducting housing.

The multiple turns are formed as coaxial transmission lines which pass through this housing.

Circulating currents set up in this housing exclude the magnetic flux and contain it in the desired

volumes.

The core volume requirement scales with the inverse square of the AB, and losses will vary

linearly with the core volume. Therefore, loss per unit volume must be normalized by (1/AB,) 2

before a comparison between different materials can be made. In other words using a material

with twice the loss per unit volume but twice the AB, will decrease the loss by a factor of two

since only one fourth the volume is required.

2.1.1 Nonlinear Magnetic Material Selection

It is important to understand when it is advantageous to use ferrite rather than metal tapes

such as metglass in magnetic pulse compressors. In this section we will compare the attributes

of ferrites with those of metal tapes. The first stage compression reactor step-up transformer and

(sometimes) the second stage compression reactor are designed around metglass cores. This is

the last stage in the compression chain where metglass can be employed if operation at greater

than 5 kHz cw repetition rate is to be possible. Metglass is composed of a mixture of silicon

and iron which is mixed while liquified and then rapidly quenched so that it remains amorphous.

The resistivity of this alloy is three times that of most ferro-magnetic materials. However,

at saturation times much less than 10- 6 seconds, the losses begin to scale inversely with the

saturation time as eddy currents become the dominant loss mechanism (see Fig. 3).

Further increases in performance can be achieved through basic material improvements.

Drivers will predominately employ 2605 CO, SC and S3A Metglass as a saturable core material.

These mixtures of silicon and steel possess the magnetic properties of steel (i.e. AB , 36 kg,

H, - 0.05 Oe, p,. - 10,000) but afford much higher resistivities (p -s 130 1d2-cm) because of

its glass containing atomic structure. Unfortunately it has a rough surface texture resulting in
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inherent packing factors of only 0.75 and the addition of interlaminar insulation further reduces

this to - 0.5 in a wound core. Interlaminar insulation can be avoided if the material can be vapor

deposited with a very thin layer of MgO or SiO 2. The inherent 0.75 packing factor associated

with roughness can be improved by hot rolling the metglass. These techniques are aimed at the

objective of achieving an overall packing factor of 0.8.

Even with a packing factor of only 0.5 (compared to almost unity with ferrite), when the

inherent AB, < 3.3 Tesla of metglass is compared to AB, < 0.65 Tesla of Zn.60 Ni.40 ferrite

(core volume depends inversely on AB' 2), metglass is preferred when eddy current losses are

not a problem. As the saturation times get shorter and eddy current losses increase, removing

the waste heat from the interlaminar core structure becomes very difficult. Manganese zinc

ferrites would seem a logical choice to span the gap between metglass and Zn.60 Ni.40 ferrite,

but geometric resonances encountered in the large cores required at high pulse energy eliminate

it from consideration. Other iron alloys such as superpermalloy have been considered but suffer

from the same heat removal problems as metglass. The higher conductivity of these alloys

requires them to be thinner and this results in a greater expense and a lower net packing factor.

It is hoped that advances in coating technology will improve the situation in the future.

The time dependent losses in ferro-magnetic are typically explained in terms of a saturation

wave which encircles the tape and proceeds toward the center at a rate which is linearly dependent

on the applied voltage. Ignoring the fact that domain wall locations are initially pinned to

impurity sites, the H-field required to change the state of magnetization of a tape is given by
H = H + (d) B dB

where B, is the saturation induction, H, is the DC anisotropy coercive field, d is the sample

thickness and p is the resistivity. The energy density deposited in the tape during saturation is

given by
EL = Hd 2B + \ 2 ( dB)

EL=HAB(8p) (k2B, )VW
This theory assumes the metglass material is completely isotropic and possesses no preferred

domain geometry. This is certainly not true and experimental measurements of time dependent
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losses conducted by Dr. Carl Smith at Allied Chemical Research Laboratories indicate a much

more complicated behavior. This data summarized in Fig. 3 is further documented by graphs

prepared by Dr. Carl Smith which appear in Fig. 4.

The chart of loss versus saturation time in Fig. 3 points out that once normalized by

(1/AB,)2 , metglass is the optimum material down to 100 nsec. saturation times and then

ferrite must be used.

In the past, ferrite was sometimes used in cores when metglass was the best material choice.

This was done because techniques for adequately cooling tape-wound cores had not been de-

veloped. This is no longer true and metglass is the optimum material for nonlinear magnetic

compressor cores operating with > 100 nsec saturation times.

2.2 Ferrite in Accelerator Cells

In the following section, we will discuss the considerations involved in the design of conven-

tional induction accelerator cells. We will see the critical role played by the ferrite permeability.

We will also show that the accelerator gradient and weight vary linearly with the pulse length.

Both RF and induction linear accelerators are composed of multiple transmission line trans-

formers. While these transmission lines are all driven in parallel as the electron beam passes

through them, their voltages add energy to the electron beam in series. Isolation between the

transmission lines is achieved by connecting them with a beam pipe which is below cutoff at

the operating frequency for all modes except the TEM00 . The electron beam forms the inner

conductor for this mode. Early Soviet literature describes RF accelerators as air core induction

linacs.

If the accelerator is to be efficient, the losses in the transmission line must be negligible in

comparison to the energy coupled into the electron beam. In other words, the effective impedance

of the transmission line Zqf must be large compared to VLJCE/IBEAM. For an RF accelerator,

the characteristic line impedance ZLINE may be low, less than 100 ohms, but it is resonant and

therefore the effective impedance becomes Zefj = ZLINEr • QL/21r (lowest order mode) where

QL is the loaded Q of the resonant cavity.

2-9
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Resonant RF structures also have the advantage that they provide a voltage step up over the

drive voltage by a factor.

V,= .1 rje QL/2

where:

QL - - + QC-1 + Qbeamloading"

The disadvantage of resonant structures is that a cavity (shorted A/2 transmission line) is

never simply resonant with a single mode and the wake functions of the electron beam have

Fourier components which feed energy into all available modes. Some of these modes are

spatially antisymmetric and act to steer the electrons into the beam pipe wall. This sets an upper

limit to the total charge which can be accelerated during an RF cavity decay time (r = QL/w).

An induction cell is non-resonant and if designed properly stores neither the drive fields

nor the wake fields. This dramatically increases the practical operating current but also places

constraints on the minimum efficient operating current. If the induction accelerator cell used

vacuum as a transmission line medium, the maximum impedance in practice would be less than a

few hundred ohms. In operating induction linacs which provide short pulses (, 50 ns), this line is

filled with ferrimagnetic material (ferrite); for long pulses (50 nsec < -r. < lpsec) ferromagnetic

materials (e.g. Si-Fe, Metglass, Superpermalloy) are employed. Most high frequency ferrites

have dielectric constants of order e, = 10 and permeabilities of order p,. = 1000. With ferrite

as a medium, the characteristic transmission line impedance is increased over the vacuum value

3 by a factor of (pr/f') 1/2 = 10, yielding effective shunt impedances as high as several thousand

ohms. Also the use of ferrite shortens the length of the transmission line required to provide

isolation at the desired drive pulse length. Since the group velocity, v. = C/(Prer)/2 - c/l00,

the transmission line is shorter than the vacuum equivalent by a factor of order 100. Some low

frequency RF accelerators employ ferrite solely for this purpose even though the line is resonant.

In summary the use of ferrite in the accelerator cell increases the practical micropulse length

by a factor of 100 and the use of a non-resonant structure (induction linac) increases the maximum
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electron beam current by not storing wake fields. The penalty accompanying these advantages

is centered on the fact that induction accelerators are incapable of efficiently accelerating very

low current beams.

Design of an induction accelerator cell is relatively straightforward if these basic operating

principles are kept in mind. The following rules must be observed. The variables discussed refer

to those pictured in Fig. 5.

I. The length (h) of the ferrite loaded transmission line is determined by the pulse length and

the electrical characteristics of the feite.

2.h > 7-,(pulse length), velocity

C '.,C-TC=r,7_, P 100

In practice, the best performance is achieved by setting h = ti. c/100 or in other words setting

the line length equal to a single transit time rather than a round trip time. This constraint arises

because the ferrite properties are field dependent and the minimum ferrite volume is achieved

by designing around a single transit time. Making h longer than a transit time is wasteful as the

additional ferrite will never be seen by the pulse. Summarizing, for optimum performance:

h ;z r .- rC .- -c

(6rur)/ 2  100

II. The value for (R. - R) = AR is set by the drive voltage and the maximum flux swing of

the ferrite. As the wave generated by the drive pulse is transmitted down the line, the creation

of a saturation wave must be avoided or the impedance of the line will appear time dependent.

Since

E.dl= d B da

if one assumes p. is constant and B -pH,

then

B < B,,c

Two extreme cases may be considered:
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Figure 5: Simplified cross section of a conventional induction accelerator cell
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A) If B(r) = const, then

Voltage _< AB, • AR. v9

B) If B(r)a /r and if no portion of the line is allowed to saturate

B(Ri) :_ B,

and

Voltage ABs. v9• Ri" ln(Ro/Ri)

In practice y is not a constant and is dependent on both dB/dt and H. This causes the real

requirement to lie somewhere in between cases (A) and (B) so that B(r)r-% 0 < a <1.

III. Beam Pipe Radius - RpIpE

Three competing requirements determine the optimum value for RpIpE:
-2

(A) The growth of the beam break-up instability (BBI) is exponentially dependent on RPIPE*

(i.e. A = A. exp (IBEAM • Vacc.Const./Bkg RPIPE • Egap))

(B) The impedance of the ferrite loaded transmission line decreases approximately linearly

with R-PE.

(C) The weight of the accelerator increases as the square of R, PE.

In short the losses are increasing with RpIpE linearly while the growth of BBI is decreasing
2

exponentially as RPIpE. It is essential in these designs to fully understand the dependence of the

growth rate of the BBI on pipe diameter. In past designs, the pipe diameter has been undersized

and has resulted in designs which were not compatible with full current operation. This applies

to both RF and induction linear accelerators.

2.2.1 Operating Voltage and Gradient

It has been shown above that the length of a conventional induction accelerator is set by

the selection of core material and pulse length. In addition the beam pipe radius is determined

primarily by BBI considerations. It was also shown that the value of In Ro/Ri was determined by

the core material and the individual gap drive voltage. Indeed once the drive voltage, current and

pulse length are selected, then limiting values for the accelerator cell are uniquely determined.
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The operating current, total accelerator voltage and pulse length are set by the application.

This leaves the individual gap voltage the only unspecified parameter. We have shown above

that the accelerator gradient is linearly proportional to the individual gap voltage.

One must bear in mind that while the number of secondary turns N.,, is unity, the number of

primary turns is fractional given by

1

Nprim = #Acc cells

'beam

while Zi, the input drive impedance to the individual cells is given by

Zi. = VIp

'percell

The shunt impedance to ground is determined by the accelerator cell geometry and choice

of core material. It is given by

Z, = 1i lnRo/Ri

Under the assumption that no ferrite is allowed to exceed a flux swing of AB. and B(r) a

I/r, we saw that the accelerator gap voltage was given by

V4P = AB" . RjlnRo/Rj

where v. = C/(Err) /2 is the wave velocity in the ferrite, Ri(Ro) the inner (outer) radius of the

ferrite core. The accelerator shunt impedance is then simply determined by the characteristic

impedance of this ferrite loaded transmission line

ZSHUNT = ZLINE =-TI'-in i-i-') 0  1f Ve-,
,T'~ cC \Ri Tr f Vg'1ABRi

Ri

If the electron beam impedance is defined as

V,p
Zbeam = BEAM
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I

I then the coupling coefficient (= energy coupled to the beam/the total energy incident on the

accelerator cell) is given by

K = ZSHUNT _ 1
ZBEAM +-ZSHtUNT rJBEA A

A plot of coupling coefficient versus ferrite core inner radius for several different beam currents

appears in Fig. 6. Here we have assumed a ferrite with a p, = 400 and e, 12.

It should be noted that the coupling coefficient is independent of accelerator gradient but

increases with increasing current and decreasing ferrite core inner radius.

The cost and weight of the accelerator structure is to first order linearly dependent on the

core column.

a Core Volume = #cells . cell core length 7r(R2 - R?) (2.3)

Iand =Vo

S= #cells = AB, .v. ' Riln (Ro/Ri) (2.4)

if Ba 1/r and no ferrite is allowed to exceed a flux excursion of AB, We can then rewrite Eq.I(2.3) as vo.( v,2 )-( Core Volume = v , BrRexp . R (2.5)V~aP - ' . Vg . Ri)

where rp,,, is the pulse length. It should be noted that the minimum core volume (d core

volume/d Vg,p = 0) is always achieved when Vg,p = 0. Also for 2Vga,/AB Vg. Ri << 1, core

I volume is approximately independent of Vap while for

2V,2Vap >>1I
AB.. v 9 * Ri

core volume becomes exponentially dependent on Va,.

This becomes obvious upon careful examination of Fig. 7. Here we have assumed = 400,

CE = 12, and r,,,, = 50 nsec. Referring to Eq. (2.4), it also appears that core volume is linearly

dependent on rp,. The dependency on vg = C/(Pr,. C,)1/ 2 is somewhat more subtle. For small
values of V.,,/Rj the core volume varies as 1/PI/2 but as V, p/R, becomes large, core volume

becomes exponentially dependent on rl/ 2 .
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Figure 6: Coupling coefficient
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Figure 7: Accelerator core volume per megavolt
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It is also obvious from Fig. 7 that the inner ferrite core radius dramatically impacts the

accelerator weight at a given gradient. Referring to Fig. 6 the efficiency degrades rapidly as

the ferrite inner radius is increased. This inner radius is determined primarily by the beam

pipe radius and the thickness of the focusing solenoid. Arbitrary reduction of these parameters

independently of the current will result in the onset of the Beam Break-up Instability which will

drive the accelerator beam current into the walls.

The amplitude of the BBI oscillation throughout the accelerator is given by:

A = Aoexp( costZw)

where

K = 1.16. 10- 13 kg - sec/(kamp-ohm)

N = Number of accelerator gaps

w = Mode frequency

I = Accelerator current

Bk. = Focussing field

Substituting
NZL = N(Z/IQ).- Q --const.. Q . vac,

NEgap Rpp,

where

V =-- Accelerator voltage

Egap = Accelerator gap electric field stress

Rpi, = Beam pipe radius provides the following equation for the BBI amplitude.

A = Aexp const. B&Ii. *E

pipe p

Therefore, the BBI amplitude depends exponentially on the inverse of the electric field in the

accelerator gap and the beam pipe radius squared.

In order to minimize both the beam pipe radius and the solenoid thickness (B,) while holding

BBI gain constant at a given current and accelerating potential, the accelerator gap stress must
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be increased to as high a value as practicable. Unfortunately at the high duty factors required

for most of these applications, exceeding the threshold where field emission in the gap occurs

is not allowed. Understanding this limit is essential to optimizing the design.

The core volume becomes exponentially dependent on the inverse of AB,. This makes the

design somewhat more complex as the individual gap voltages and beam pipe inner radius must

be determined before the the optimum material can be selected. At this point we will attempt to

document the ferrite properties and the optimum choice will be left for the engineer responsible

for a specific accelerator cell design.

2.3 Characterization of Loss in Ferrite Materials

Since ferrites are used primarily in pulse transformers where the shunt impedance is more

important than the energy lost per pulse, the terminology used by the vendors to describe the

losses is related to this application. It is worthwhile to devote a section in this report to the

explanation of these units and the conversion of these units into units such as joules per meter'

per cycle.

Manufacturers typically quote loss data in terms of the phase angle ,,,, between B and H.

This angle is derived by first assuming resistive losses in the windings are zero and measuring

the impedance of the core material when used as an inductor. The equivalent circuit illustrated

in Fig. 8 is assumed. The shunt admittance is given as

1 1 1
iwL R Z

We will define shunt admittance in terms of the complex permeability as

1 1 1(1 /)

iwL R iwL 0 - p +i

From this we define the loss tangent as the ratio of the real to imaginary part of the shunt

admittance

tan bm = = -

In order to put this in terms of power loss density, we envision a toroid with N turns to

which an alternating ms voltage Vma is applied. The power loss density is then approximately
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Figure 8: Loss tangent defined for a parallel LR circuit
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given as

RA2frr

where r is the mean core radius and A is the core cross sectional area. The applied voltage

induces a changing flux density given by Faraday's law as

dB V
dNA

If we assume B is of the form

B = Boe iw

then
ia BoANw

The inductance of the winding can be approximated as

Lo S popN2A/27rr

Substituting we find the power loss density can be written as

.2B~L o  wBotan(6m)
P 0~2R#up0 2p#0

This expression works very well on approximating the losses in ferrite where the eddy current

losses can be neglected and where the total flux excursion is small. It assumes that the B-H

loop can be approximated as parabolic which is a fairly good approximation for minor loops

where the total AB swing is less than 1/2 of B,-(-B,). One of the reasons that this simple

formula works so well is that the manufacturers assume this formula when quoting their loss

measurements. It is quite simply a one parameter fit to a parabola.

2.3.1 Ferromagnetic Resonance

The concept of ferromagnetic resonance can best be understood by simple analogy to the

precessional motion of a spinning top. The spinning electron may be treated as an electrically

charged spinning mass. The magnetic forces acting on the spinning electron are similar to the

gravitational forces acting on a spinning top. The magnetic forces acting on the electron in a
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ferromagnetic material are derived from two primary sources. These two components consist of

the internal magnetic fields generated by the many individual magnetic dipoles which make up

the domains and secondly the external forces which when applied perturb the alignment of these

dipoles. When the external fields are applied at an angle to the internal fields they exert a thrust

or torque on the spinning electrons.

In the case of a spinning top (Fig. 9) application of a force perpendicular to the axis of spin

will initiate precession. The precession frequency wo depends on the angular momentum of the

top and the gravitational force Mg acting on the center of mass of the top. The gravitational

torque is

T = MgL sin 0

where 0 is the angle of inclination and L is the distance from the pivot point to the center of

mass. The angular momentum vector will maintain a constant angle 0 with the vertical and the

top will precess about the vertical axis with an angular velocity

do T

dt psinO

The spinning electron can be treated as a spinning top where the forces of gravity are replaced

by the magnetic forces. In the case of a spinning electron the angular momentum and magnetic

moment are parallel vectors with absolute values of p and y, The gyromagnetic ratio is defined

as

7 = e/p = ge/2mc

where e is the electronic charge, mass the electron mass, c the velocity of light and g is the

Lande g-factor and is approximately equal to 2. The torque on the electron from a constant

magnetic field is simply

T = p,Hsin(O)

By comparison with the above result for a spinning top, it is obvious that the precessional

frequency is simply given as

wo = -tH
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Here the magnetic field H is the actual magnetic field seen by the electron and represents the

vector sum of both the internal and applied external fields.

In the case of microwave circulators a very large external field is applied which dominates

the internal fields. In this case the resonance line width is very narrow and occurs at thousands of

megahertz. In the cases where the internal field dominates, the resonance occurs at much lower

frequencies and the line width is quite broad as the internal domain structure is by definition

nonisotropic and is randomly oriented with respect to the applied field. The internal field arises

from the alignment of individual spinning electrons into domains and is given by

Hi,. = Mo./(p - 1)

If the alignment is truly random then a simple vector sum will result in an average field given

as

Hit = 2/3M,.t/( - 1)

Therefore, as related above, the resonant frequency in the absence of an externally applied

filed is given by:
7" Msag

Vres =adv~,= 3.r in - 1)

where:

-y = gyromagnetic ratio (- 0.22 x 106)

M,,t = Saturation magnetization (2.5 -4 3.5 x 105 A/M)

pi = Initial permeability as v --+ 0.

It is now obvious that the resonant frequency of a material can be easily shifted through a

variety of measures. Application of an external bias field parallel to the applied time dependent

field will increase the resonant frequency. Annealing a toroidal ferrite in the presence of a strong

toroidal field can increase the ferromagnetic resonant frequency by a factor of 1.5. Reduction

of the permeability will also increase the resonant frequency. This can be accomplished through

the introduction of an air gap in the toroid or through a change in composition.
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C2025, C2050, C2075, N40 High Frequency Nickel-Zinc Ferrites

This group of materials was specifically engineered to give high flexibility in accommodating
requirements to 400 MHz. Our engineering department will work with you on your particular
needs to determine which if these ferrites is best for you.

Typical Magnetic Characteristics

C2025 C2050 C2075 N40

INITIAL PERMEABILTY, <1 MHz 175 100 35 15
MAXIMUM PERMEABII 1100 390 150 50
MAXIMUM FLUX DENSITY, 'gaus 3500 3400 2700 1600
REMANENT FLUX DENSITY, 'gaus 2600 2400 1800 700
COERCIVE FORCE, 'cerstad 1.5 3.0 7.0 7.5
CURIE TEMPERATURE, 0C 270 340 420 510
dc VOLUME RESISTIVITY, ohm-cm 10 6 10 7 101 10 10

'@40 cerstad applied field strength

Initial Permeability Versus Frequency

1000

Ic c ---- "

.

2E C2050

FREQUENCY %t-

Figure 10: Real part of the initial permeability as a function of frequency for various ferrite materials
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In zinc-nickel ferrites the initial permeability and therefore the ferrimagnetic resonant fre-

quency can be varied simply by reducing the zinc content and replacing it with additional nickel.

An example of this behavior is shown in a plot of the real part of the initial permeability versus

frequency for ferrites of various compositions shown in Fig. 10. These ferrites are manufactured

by Ceramic Magnetics Corporation and the compositions (Zn45 Ni55), (Zn30 Ni70), (Zn1 5 • Ni8 5),

(Nij.0) • Fe20 4 correspond to C2025, C2050, C2075, N40 respectively. Also available from this

manufacturer are the compositions (Zn54 Ni4 6), (Zn60 Ni40), (Zn 65 Ni35) • Fe2O 4 corresponding

to C2010, CN20, and CMD5005 respectively. These ferrites were chosen as test candidates and

samples were purchased. Preliminary evaluation eliminated both C2075 and N40 from consid-

eration. These ferrites are only suitable to applications as transformer cores at frequencies in

excess of 50 MHz.

It is also critical to note that 4s the initial permeability drops, the Curie temperature increases.

This can be understood by calizing that as the permeability drops, the energy required to change

magnetic states inreases and therefore the random thermal energy required to disrupt the state

also increases. If a ferrite, close to its ferrimagnetic resonance as is the case with the ATA

accelerator at LLNL, is replaced by a new composition having a higher nickel content, not only

will the losses be reduced but the allowed power dissipation for a given cooling rate will also

increase due to the increased Curie temperature. The proper choice of ferrite for use in the

accelerator cells is critical, since cell cooling will limit performance as the accelerator repetition

rate is increased to provide high average power.

Dielectric Properties

Ferrites are semiconductors with resistivities ranging from 10 S1 cm to 108SI cm at room

temperature. The dielectric permittivity ranges from 10 to as high as 100,000. The dielectric

permittivity along with its frequency dependence are extremely important parameters in induction

cell design as the ferrite forms the transmission line media.

Ferrite is a polycrystalline material consisting of semiconducting grains surrounded by thin

boundaries with much higher resistivity. The grain boundaries are typically composed of in-
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soluble materials which diffuse to the grain boundaries during sintering. They are typically

nonmagnetic and are occasionally added intentionally. Calcium Oxide and Silicon Dioxide are

examples of materials which are sometimes added by the manufacturer to increase the low fre-

quency resistivity. One example of such a material is Ceramic Magnetics MN8CX. This ferrite

is a manganese-zinc ferrite with an artificially high DC resistivity 10,000 acm. As we will

see below, such additions are of little practical significance at high frequencies where the large

capacitance of these grain boundaries shunts the high resistivity, exposing the inherent resistivity

of the crystallites.

If we define a as the ratio of the boundary layer thickness to thickness of the average crys-

tallite, then we can predict the dielectric behaviour of the ferrite based on the following exper-

imentally determined conditions: a < 1, ecrystallife 7- Eboundary, and ap6oundary > Pcrystallite.

Therefore at low frequencies the impedance of the crystallite is negligible compared to the

impedance of the boundary layers and the resistivity is approximately given as aPboundarv and

the permittivity approaches Ebo,ndary/a.

At high frequencies the boundary layer capacitance is short circuited by the high boundary

layer capacitance and the dielectric permittivity and resistivity approach that of the crystallites.

The relaxation frequency is defined as 1/21rr where r is the characteristic decay time of the

junction capacitance. The relaxation frequency is given by

f 1 = Per ytatsite Pboundary
27re 0 Ecrystallite + fboundary/t

Experimentally-measured curves of both permittivity and resistivity as a function of fre-

quency for two different zinc-nickel compositions are presented in Fig. 11. These compositions

labeled B1 and 4B1 are produced by Phillips and correspond to (Zn6o Ni40) and (Zn5 0 Ni5o) •

Fe20 4 respectively.

The eddy current power loss density is simply given as

(wBod)
2

pP
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where p is the resistivity, d is the characteristic dimension and /3 is the geometric factor. For a

toroid, d is the width of the toroid and /3 = 24. For a sphere d is the diameter and /3 = 80. The

eddy current losses can also be characterized as a contribution to the loss angle given as
- wppod 2

tan r = 2-w p

The resistivity and permittivity are also temperature dependent. This effect is documented

by the measurements presented in Fig. 12 for the same two compositions. These measurements

were taken at 1 MHz but the slopes of the curves are similar at differing frequencies.

The curves indicate that for Zn-Ni compositions, the resistivity never will drop below 104

Qcm . This resistivity is 108 times higher than the resistivity of metglass. The eddy current

losses in a 1-inch-thick Zn-Ni toroid are equivalent to the losses in a 0.1 mil metglass tape for

the same flux excursion. In Mn-Zn ferrites, the eddy current losses cannot be neglected as the

resistivity approaches 10 Qcm in the frequency range of interest. This means that a 1 inch thick

Mn-Zn ferrite toroid will exhibit eddy current losses equivalent to 3 mil thick metglass tape

undergoing the same flux excursion. In addition, the Mn-Zn ferrites exhibit a large dielectric

constant. Electromagnetic radiation propagates through the material at only a few centimeters

per microsecond. This allows fairly small structures to be resonant at the frequency ranges we

are interested in. If the entire ferrite toroid forms a single resonant structure, the loss tangent

approaches unity.

2.4 Ferrite Sample Measurements

In the Phase I effort, sample ferrites were purchased which spanned the range of applicable

compositions. These ferrites were manufactured by Ceramic Magnetics Corporation and the

compositions purchased (Zn6s Ni35) ,(Zn60 Ni40),(Zn54 Ni46),(Zn4s Niss), (Zn30 Ni70), (Zn15 •

Ni 85), (Nij.o) • Fe20O4 correspond to CMD-5005, CN20, C2010, C2025, C2050, C2075, N40

respectively. Preliminary evaluation eliminated both C2075 and N40 from consideration. These

ferrites are only suitable to applications as transformer cores at frequencies in excess of 50 MHz.

A test stand was assembled to evaluate the samples. The simplified schematic of the test

stand is presented in Fig. 13. Samples were reset slowly and then rapidly cycled from -B, to B,.
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Figure 12: Temperature dependence of the permittivity and
resistivity of two zinc-nickel compositions

12-31

I SCIENCE RESEARCH LABORATORY



0

0~0

C) h

E0 xw
LLD

00

CL 0

EE

&'0

a, -C

-2-32



Minor loops were not measured as they are not of interest in the applications we are considering

where all of the ferrite's available flux excursion is typically required. The saturation time scales

of interest range from 50ns to 500ns. At saturation times longer than 500ns, metal tape wound

cores will outperform any available ferrite. At saturation times shorter than 50ns, Zn-Ni ferrites

are typically replaced by ferrites containing magnesium, titanium and cobalt. The experimental

results are presented in Figs. 14-17.

The energy dissipated in the ferrite as the flux swings from -Br to B, which is simply the

area enclosed by the hysteresis loops in the B-H plane is plotted as a function of saturation time

in Fig. 18. The units are Joules/MeterO versus saturation time in nanoseconds.

If the ferrite is employed as a saturable reactor in a nonlinear magnetic compressor then

the volume of core required is linearly dependent on the square of the available flux swing.

Simply because a candidate material exhibits a lower loss per unit volume does not mean it is

the best choice as the core material. The best technique to identify the optimum core material

in a saturable reactor is to plot energy loss per meter3 per Tesla2 . This plot appears in Fig. 19.

In high repetition rate applications, temperature rise can be a major limitation. As the

temperature rises, the available flux swing is reduced until at the Curie temperature the available

flux swing AB goes to zero. The higher the Curie temperature for a given composition, the

more power can be dissipated in a given size sample with a specified surface temperature. In a

case where the ferrite surface is anchored to a temperature of 501C, the plot in Fig. 20 gives an

indication of the maximum repetition rate at which a given composition can be operated. Here

the energy loss per cycle is divided by the maximum allowable temperature rise. The lower a

curve lies on this plot, the higher the usable repetition rate.

2.5 Cooling of Ferrite Cores

Improvements in the performance envelope of ferrite cores can also be achieved through en-

hanced ferrite cooling. Coolant rates depend not only on the thermal conductivity and geometric

dimensions of the ferrite core but also on the shape of coolant channels and the coolant flow

dynamics. Efforts were made to avoid long, wide cooling channels which promote laminar flow
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Figure 16: Hysteresis curves for various ferrte mterials measured atca 250 nsec
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and reduce the heat transfer coefficients. Short narrow channels are optimum and were broken

up at regular intervals to promote turbulence. A coolant liquid with an appropriately selected

boiling point and enthalpy is also important as subcooled nucleation can play a critical role in

increasing turbulence at the surface.

The heat transfer coefficient of a surface is a strong function of both the geometry and the

surface texture. Every effort should be made to break up laminar flow profiles and promote

turbulence without causing deterioration of the electrical properties of the ferrite. With an

azimuthal magnetic field, radial grooving must be avoided but slotting along a radius can be

extremely effective in promoting cooling. By machining slots into the ferrite comprising the

multiple coaxial segments, the resistance to fracturing due to differential thermal expansion can

also be avoided. Staggering these slots from one toroid to the next will break up the laminar

flow patterns and promote turbulence.

The accelerator cell ferrite must be maintained at a temperature well below its Curie point.

Energy is dissipated in the core material at a rate of - 300 joules/m 3 per pulse. Waste heat

removal is expedited by segmenting the core into thin split-washer-like toroids. The ferrite is

immersed in freo- and is cooled by the enthalpy of vaporization. In the case of the accelerator cell

design discussed above, the ferrite is not allowed to saturace and the average energy deposition is

only 150 joules/m 3 per pulse. The core volume of 3.7 liters results in , 0.5 joules per pulse per

cell waste heat generation. Assuming f-l Freon is used as a coolant (enthalpy of boiling = 180

joules/gram, vapor density = 0.005 grams/cm3 ) the boiling rate would be ,,- 0.5 cm 3/Hz. Bubbles

generated through this process proceed up the drive cables into the driver where heat exchangers

recondense the vapor back into the liquid phase. This method of cooling eliminates flowing

liquids with the exception of room temperature coolant water to supply the heat exchangers. In

the event that space or air basing is desired, a recirculating refrigerant might replace the water

in the heat exchanger.

The maximum repetition rate at which a ferrite can be operated is determined by its Curie

temperature and cooling rate. The cooling rate will depend on the temperature of the coolant,
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the temperature drop at the surface, and the temperature drop from the interior to the surface of

the ferrite. The largest temperature drop for most geometries of interest is between the surface
and the interior of the ferrite. The rate of heat transfer perpendicular to a lamina of area A,

thickness 6x, and thermal conductivity A, when the temperature difference is 60, is given by

)\AO/bx or

Pcond =2

where P 0o,,d is the rate of heat transferred by conduction. For a slab of thickness, d, the

temperature difference between the center and the surface is given by

Power dissipated/Unit Volume 2

The dimensions are in units of centimeters and degrees Celsius. For zinc-nickel ferrites A =

I 4. 10- 2W/cm 2.

In some applications, the run duration is short enough that it will simplify the design con-

siderably if the ferrite is simply allowed to heat up. As long as the temperature excursion

is small compared to the Curie temperature of the material there will be little change in the

I ferrite performance. The heat capacity of Zinc-Nickel ferrites is ; 0.75 J/g°C. The curve in

Fig. 21 illustrates how little is gained by complex measures to cool a ferrite core operating a

10 kHz for 100 seconds. The ferrite in this case is a 60-40 Zinc Nickel ferrite. In practice one

I would probably choose a ferrite with a higher nickel content and correspondingly higher Curie

temperature.

I The selection of an optimum coolant liquid is critical to the operation of both the nonlinear

magnetic pulse compressors and the accelerator cells. The coolant liquid serves both as an

insulating and energy storage medium as well as the heat removal medium. The ability of a

I liquid to remove heat is dependent on many of the liquid properties. Of primary importance

is the compatibility of the liquid with the operating environment. The coolant liquid must be

non-corrosive, non-conductive, preferably non-flammable and capable of sustaining the electric

field stresses which appear in the driver. In addition to these constraints it is preferred that the
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liquid remove heat by enthalpy of evaporation so that no active flow mechanism is required

and waste heat can be removed by the process of heat piping. This requires that the boiling

point of the liquid at reasonable operating pressures lie within the desired operating temperature

envelopes. For one or more of the above considerations, the best liquids for heat removal (water,

mercury, and alcohol) are eliminated.

I If a candidate liquid satisfies the above criteria, then a relative figure of merit can be estab-

lished by comparing the heat capacity, enthalpy of vaporization, thermal conductivity, inverse

viscosity and dielectric strength. Referring to Table I, the critical properties for several candidate

coolant liquids are summarized. The properties of water, mercury, and methanol are included

for comparison. In order of performance, the author would list the candidates as Freon 11,

E Freon 113, Fluorinert FC-72 and Fluorinert FC-77. Fluorinert FC-72 is the perfluorinated sister

to Freon 113 while Fluorinert FC-87 (which no longer appears in the 3M catalog) is the per-

I fluorinated sister to Freon 11. In comparing Freon to Fluorinert it appears that Fluorinert has

a dielectric strength almost 1.3 times higher than Freon but that Freon with its lower viscosity

and higher enthalpy can remove heat about twice as fast. Fluorinert does have the advantage

that it is considerably more chemically stable and non-hygroscopic. It is much less prone to

decompose into an organic acid and to contamination by other organic compounds and will not

I remove the plasticizers from PVC.

I 2.6 Using Ferrite to Control Dipole Wake Fields

It is important to recognize that the ferrite in the accelerator cells serves two purposes. It

serves the purpose of isolating the input drive pulse from ground and it also acts as an absorber

for the high frequency dipole modes.

Considerable effort is typically expended to match the strip line impedance presented by the

accelerating gap to the radial line impedance extending into the region of the ferrite. This is

done to avoid internal reflections of the electron beam wake field. Once these wake fields reach

the ferrite, they are attenuated very rapidly. At the high frequencies (2300 MHz) associated

with the TM011 dipole mode, the ferrite exhibits an impedance very close to that of free space
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and an attenuation coefficient close to 4 dB/cm. In summary, the ferrite appears as a total

absorber for electromagnetic radiation in the frequency spectrum associated with the Beam

Breakup Instability.

A test fixture (Fig. 22) was assembled in order to make some measurements of the small

field behaviour of ferrite at high frequencies. The two similar compositions tested were TDK

PE-1 lB and STACKPOLE C7D both ; 60-40 Zn- Ni ferrites. Differing compositions illustrate

similar behaviors with the frequency slightly shifted. The results of these measurements can be

found in Figs. 23-27.
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3.0 NEW INDUCTION ACCELERATOR ARCHITECTURES

In Section 3, we discussed the impact that the beam pipe diameter places on the required

ferrite core volume and losses. The problem arises from the location in which the ferrite is

placed in conventional induction accelerators. In conventional induction accelerators the ferrite

is wrapped around the beam pipe and solenoid. Referring to Fig. 28 where we have stripped

the induction accelerator schematic to its simplest essentials, we see that some provision must

be made to isolate the shields of the coaxial drive cables which would otherwise attempt to

float up to the potential of the previous induction cell. Since all of these cables connect to a

common ground at the supply source, the accelerator would soon discover it was shorted out at

the source. The time required for the accelerator to discover this is one roundtrip travel time

along the drive cables. If the drive cables are long enough or the pulse short enough we would

need no additional isolation.

In Fig. 29 we schematically depict the conventional method used to achieve one pulse length

worth of isolation. As we discussed above, ferrite is wrapped around the beam pipe and the

shields of the drive cables are connected to ground at the outer diameter of the ferrite. Placing

the ferrite around the beam pipe uniquely determines the geometry, volume and efficiency of

an induction cell as a function of only the pulse length, drive voltage per cell, and inherent

ferrite properties. The length of each accelerator cell is set by the permeability and permittivity

of the ferrite and the pulse length. The inner diameter of the ferrite is set by the beam pipe

diameter and the radial extent of the ferrite core is determined by the drive voltage and available

flux swing in the ferrite. Increasing the beam pipe diameter to reduce beam breakup growth

results in increased ferrite volume and increased losses. In order to minimize losses, the ferrite

inner diameter should be as small as possible but in order to improve beam stability the inner

diameter should be as large as possible. This is the dilemma posed by the conventional linear

induction accelerator design. We will however see that placing the ferrite around the beam pipe

does have one key advantage. A ground shield can be used to tightly enclose the accelerator

structure confining the electric field to the immediate vicinity of the accelerator gaps. No field
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Figure 28: Simplified induction linear accelerator schematic
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Figure 29: Conventional linear induction accelerator desien
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I

appears outside this ground shield and no voltages appear at any point which exceed the single

cell voltage except inside the beam pipe.

In Fig. 30 we suggest a new induction linear accelerator configuration which leads to a more

compact, lighterweight design. Here the beam pipe can be as large as desired as the ferrite is

wrapped around the drive lines. As the drive lines are typically only 1-2 inches in diameter and

the beam pipe plus focussing magnet are typically 10 inches or more in diameter, placing the

ferrite around the drive lines reduces the ferrite volume requirement by two orders of magnitude.

The gradient of the accelerator is no longer determined by the ferrite properties and for short

pulses the inductance of a coiled drive line would be sufficient by itself to isolate the shields

on the drive cables as depicted in Fig. 31. In fact the drivelines can be wrapped around ferrite

cores several times. This can further decrease the ferrite volume required in the linear induction

accelerator design (Concept I) shown in Fig. 30.

In the case of this modified induction accelerator design, the outer ground shield is op-

tional. For space-based applications there is probably no reason to shield the accelerator and

the accelerating field can simply be allowed to appear on the outside of the accelerator. An

observer watching the unshielded accelerator would see an electromagnetic wave traveling down

the length of the induction accelerator as the electron beam is accelerated. The length of this

electromagnetic wave would simply be the pulse length multiplied by the speed of the acceler-

ating electrons which would essentially by the speed of light. As an example, a 5 nanosecond

accelerating pulse would appear as a wave approximately 5 feet in length. The peak amplitude

of this wave is simply given by multiplying the gradient of the accelerator by the spatial pulse

length and dividing by 2. For this reason we will see that it becomes very important to minimize

the pulse length as this will determine the maximum voltage that appears on the outside of the

accelerator at a given gradient.

This external electromagnetic wave induces a voltage drop on the outer conductor of the drive

lines which tie back to a common ground at either the pulsed power drive or optional external

ground shield. The inductance associated with either the ferrite isolation cores or coiling the
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Figure 30: Concept I -Modified linear induction accelerator
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transmission line must be sufficient to prevent significant current from flowing. The efficiency

of the accelerating structure is reduced by the ratio of this leakage current to the accelerating

electron beam current. The peak voltage drop across the isolation inductors is no longer the

single cell voltage as in the case of the conventional linear induction accelerator but is given as

Gradient. Pulselength -Velec on(_ c)

As the wave travels past the isolation inductor, the voltage across the inductor drops to zero

at the center of the wave and then reverses reaching a maximum negative voltage equal to the

maximum positive voltage. The average voltage drop across the inductor is zero. This means

that the ferrite cores are automatically reset. In the case of a conventional air core inductor,

created by coiling the transmission line, all of the energy associated with the shunt leakage

current is returned to the accelerating electrons.

As the electromagnetic wave travels down the accelerator at approximately the speed of

light, the tail of the wave is feeding energy into the tail of the electron beam pulse and the head

of the wave is being constantly recreated by the drive pulse to the next accelerator cell in line.

Creating this wave front requires charging the stray capacitance between the next accelerator

cell and the nearest ground plane to the peak voltage appearing across the isolation inductors.

The maximum one-way volt-second product determines the required ferrite core cross-section

and/or the number of turns the drive lines makes around the core. From Faraday's law we derive.

N. Area. AB, = JV. dt

PulseLength Gradient. (PulseLength) 2 
. c

Vpk 4 8

The maximum voltage to ground is identical to the peak voltage across the isolation core, but it

is a dipole field and falls off very rapidly with distance in the radial direction.

As an example we will examine the properties of a conceptual accelerator whose specifi-

cations appear in Table II. In this lightweight accelerator the gradient is 3 MeV/meter and the

pulse length is 5 nanoseconds. If the electron beam is travelling at approximately the speed of
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Table II: Compact, Lightweight Induction Linear Accelerator Specifications

Acceleration Potential - 150 MeV

Beam Current - 2600 Amperes

Pulse Length - 5 nsecs

PRF -50kHz

Average Beam Power - 100 MW

Gradient - 3 MeV/meter

Beam Energy/Pulse - 2000 Joules

Overall Accelerator Mass - 10,000 kg
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light, then the peak voltage across the isolation inductors is 2.25 MeV. The volt-second product

appearing across the isolation inductor is only 2.81 volt-milliseconds. The single turn ferrite

core cross-section requirement, assuming a AB, of 6000 Gauss, is only 7 square inches. If we

assume a drive line diameter of 1 inch operating at 150 kV then a single turn ferrite core with

dimensions of 1" ID X 2" OD X 14" long is all that is required. Such a core would weigh

approximately 2 kg. If each drive line is supplying 150 kV to the accelerator then there would

be 1000 accelerator cells in our 150 MeV accelerator and the total ferrite core weight would

be only 2000 kg. We will see that by invoking another design option, it will be possible to

reduce the required ferrite volume by a factor of 4 and the weight down to 500 kg. The focusing

magnets are wrapped around the beam pipe and power is supplied by wires fed up through the

center of the drive line inner conductor.

As an interesting comparison, a 150 MeV induction accelerator of conventional design op-

erating with a 50 nanosecond accelerating pulse and a 1 foot diameter beam pipe would have

required over 200,000 kg of ferrite. In the case of the conventional induction accelerator this

weight would increase linearly with the pulse length. In the Concept I induction accelerator

design, the weight increases with the square of the pulse length. If the pulse length were de-

creased even more, the weight savings would be even greater. Conversely if the pulse length is

increased, the weight savings are not as great. The development of short pulse driver technology

is paramount to increasing the utility and decreasing the cost and weight of all induction accel-

erators, but it is an especially critical issue in the case of these alternate design concepts. For

very long pulses of order several hundred nanoseconds, the conventional induction accelerator

design will always be the preferred approach, but any induction accelerator operating for these

pulse lengths is prohibitively large and of very limited utility.

As we mentioned above the drive pulse to each accelerator cell must charge up the stray

capacitance between the cell and the nearest ground plane to the peak voltage across the isolation

inductor. In our 5 nanosecond pulse length, 3 MeV/meter accelerator we found the peak voltage

to ground was 2.25 MeV. If we assume a 150 kV/cell drive voltage then each accelerator cell
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is 5 centimeters in length. If we were to place our 1 foot diameter beam pipe inside of a 6

foot diameter thin walled metal tube or aluminized balloon for shielding purposes, then the

capacitance per unit length is given as

C = 30pf/meter
ln(Ro/Ri)

For our 5 centimeter long accelerator cell, the incremental capacitance to ground is 1.5 pico-

farads. Charging this capacitance to 2.25 MeV would require approximately 3.4 microcoulombs.

Referring to Table II we see that we are planning to accelerate an electron beam current of 2600

amperes. At this drive level, it would require 1.25 nanoseconds to charge the stray capacitance.

This should pose very little problem as the energy corresponding to this 1.25 nanoseconds of

electron beam pulse will be fed into the beam at the tail of the pulse. The accelerating pulse

must simply arrive at the accelerating cells 1.25 nanoseconds ahead of the electron beam pulse

for optimum coupling efficiency. Both the drive pulse and the electron beam pulse would still

be 5 nanoseconds in duration.

Finally in Fig. 32 we present a third design option known as Concept IM. The Concept

III induction accelerator design can be combined with the Concept I accelerator design. By

grouping the accelerator cells in blocks fed by a common drive line we can further reduce the

ferrite requirement. For instance if we were to block accelerator cells together in groups of 10

in our example, then only one primary stem drive line would have to be isolated from ground

for each group of 10 accelerator cells. The isolation inductors placed between the individual

cells need only be sufficient to provide 150 kV isolation for the 5 nanosecond drive pulse. As

these cores are wrapped around the 1 inch drive line rather than the 1 foot diameter beam pipe

the ferrite volume requirement is reduced by more than two orders of magnitude for these 150

kV isolation inductors over the conventional induction linear accelerator design. Employing this

design in our example accelerator would reduce the ferrite weight to less than 500 kg.

In summary we have described some alternate induction linear accelerator designs which

offer significant weight and cost savings over conventional induction accelerator designs while

decreasing the length of the accelerator by a factor of 6. These alternate designs are not the
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Figure 32: Concept H1 - Modified induction accelerator
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optimum choice for all applications but offer many advantages in short pulse and/or space based

applications.

3.1 Summary of Phase I Effort

Under the Phase I effort, SRL has undertaken a detailed investigation into the properties of

ferrite as they apply to the design of induction linear accelerators. This research has included

both analytical studies and experimental measurements. Ferrite properties have been documented

over a wide range of compositions and operating pulse lengths.

In addition to these ferrite studies, SRL has undertaken an investigation into the basic

foundations of induction accelerator design. These studies were aimed at developing new design

techniques and architectures which might lead to size, cost, and weight reductions along with

increased accelerating gradients. SRL has identified and documented the limiting features in

conventional induction linear accelerator designs and has developed several new architectures

which may circumvent these limitations.

In the Phase I effort, the design of induction linear accelerators was studied. The function

of the ferrite in the accelerator cells was thoroughly analyzed and the key parameters were

determined. Test fixtures were assembled so as to be able to evaluate the performance of

different ferrite compositions in these areas. Samples of ferrite were purchased which spanned

the entire range of useful compositions. The performance of these compositions was evaluated

over the range of applicable operating frequencies. The experimental data was fully documented

and presented in a manner which allowed for a simple evaluation of the optimum compositions

for various pulse lengths and applications.

Also included in the Phase I study was the investigation of alternative induction cell archi-

tectures which might be better optimized for use in FEL applications. Several improved designs

were developed which led to new compact, lightweight, low cost induction linear accelerator

architectures.
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